We study the phenomenology of a model that addresses the neutrino mass, dark matter and generation of the electroweak scale in one framework. The electroweak symmetry breaking is realized via the Coleman-Weinberg mechanism in a classically scale invariant theory, while the neutrino mass is generated radiatively through interactions with dark matter in a typically scotogenic manner. The model introduces a scalar triplet and singlet and a vector-like fermion doublet that carry an odd parity of Z 2 , and an even parity scalar singlet that helps preserve classical scale invariance.
I. INTRODUCTION
The existence of tiny neutrino mass and dark matter (DM) provides two pieces of evidence beyond the standard model (SM). In addition the SM is afflicted with some theoretical flaws such as the naturalness of the electroweak scale around hundreds GeV. It would be interesting to investigate whether it is possible to address these issues within one framework.
It has long been known that the electroweak symmetry breakdown could occur via the Coleman-Weinberg mechanism [1] in which the electroweak scale is induced in a scale invariant theory through radiative effects instead of being put in by hand through a quadratic term of wrong sign. In recent years there have been many attempts to incorporate DM in the setting of neutrino mass model, at one-loop [2] , two-loop [3] and higher-loop levels [4] . The idea is to induce a tiny radiative neutrino mass through interactions with new heavy particles that are protected by a global symmetry, so that the lightest of the new particles could serve as a DM candidate. In the minimal model, for instance, a scalar doublet and fermion singlets are introduced.
This was generalized later in Ref. [5] by restricting the SM representations of new particles to be no larger than the adjoint representation. Recently the authors of [6] proposed to marry the minimal scotogenic model with the idea of scale invariance by assuming a new scalar singlet. This scalar singlet plays an important role in triggering the radiative breakdown of scale invariance while the lightest fermion singlet serves as DM.
It was found that the parameter space is severely constrained by direct detection experiments of DM, and viable regions of parameters exist for a DM mass of either smaller than ∼ 10 GeV or larger than ∼ 200 GeV.
For other usages of scale invariance in the context of neutrino mass and dark matter and related extensions of the SM we refer to Refs. [7] [8] [9] and references cited therein.
From a practical point of view scale invariance reduces the number of free parameters in a model with multiple scalars. In this work we incorporate scale invariance into a non-minimal scotogenic model suggested in Ref. [5] . We add a new scalar singlet φ to preserve scale invariance on top of the new fields already introduced, i.e., a scalar triplet ∆ and singlet η plus a vector-like fermion doublet F all of which are protected by a Z 2 symmetry. As in the general case with multiple scalars [10] , the SM Higgs doublet and the singlet φ can develop vacuum expectation values (VEVs) radiatively thus spontaneously breaking scale invariance and electroweak symmetry and generating masses for all particles including neutrinos and DM in particular. The lighter of the singlet η and the neutral component of the triplet ∆ could serve as DM. We will study various constraints on the new particles and interactions, and investigate the feasibility of detecting the triplet scalars and vector-like fermions through multi-lepton signatures at the LHC.
The paper is organized as follows. In section II, we introduce the model and discuss radiative breakdown of scale invariance and electroweak symmetry. The radiative neutrino mass and constraints from lepton-flavorviolating (LFV) processes are briefly addressed. In section III, we study parameter space that survives the most stringent constraints coming from relic density and direct detection of DM. The feasibility to detect new particles at LHC is simulated in section IV using the multi-lepton signatures. We summarize our main results in section V.
II. MODEL AND CONSTRAINTS
The scotogenic model on which our work is based was proposed in Ref. [5] . It extends the content of the SM fields by an SU (2) L triplet ∆, a scalar singlet η and a vector-like fermion doublet F . An exact Z 2 parity is assigned to these new fields to stabilize the lightest neutral particle as DM. We introduce a new scalar singlet φ that helps preserve scale invariance at the classical level but spontaneously breaks it at the quantum level.
The quantum numbers of these fields together with the SM Higgs doublet Φ and left-handed lepton doublet L L are collected in table I. 
The general Yukawa interactions involving the new vector-like fermion are
where L c L is the charge conjugation of L L and is the antisymmetric tensor so that L c L transforms as an SU (2) L doublet. The F and ∆ fields are cast in the form
Note that a mass term for F is forbidden by scale invariance and that it does not mix with the SM leptons due to the Z 2 symmetry. Similarly, Φ and φ on the one side do not mix with η and ∆ on the other. Since η is pure real, F would have to carry one unit of lepton number to keep it conserved in the y η term. This would in turn require ∆ to have two negative units of lepton number in the y ∆ term. But then a term linear in ∆ (the λ η∆Φ term) in the scalar potential would still break lepton number. As we will see shortly, the Majorana neutrino mass generated at one loop is indeed proportional to all of the couplings mentioned above.
The complete scale and Z 2 invariant scalar potential is generally given as:
with the trace taken in weak isospin space. We follow the approach in Ref. [10] that generalizes the work [1] to the case with multiple scalars. Note that only the Z 2 even scalar fields Φ and φ can develop a nonvanishing VEV. Requiring that the VEVs Φ = v/ √ 2 and φ = u occur in the flat direction where the above tree level potential vanishes, one must have λ
The ratio of the VEVs is
while their absolute values will be determined by higher order terms in the effective potential.
The scalar doublet Φ contains three would-be Goldstone bosons that will become the longitudinal components of the weak gauge bosons. Its remaining degree of freedom mixes with the singlet φ into a physical neutral scalar H of mass m H = v 2λ Φ − λ Φφ , which is identified with the discovered 125 GeV scalar, and a physical scalar h, which will only gain a radiative mass. Employing the result in Ref. [10] , we obtain
where ϕ 2 = v 2 + u 2 , and
which sums over the masses of all scalars, gauge bosons and fermions. It is clear that the new scalars must be heavy enough to make B > 0. The scalar singlet η mixes with the neutral component ∆ 0 of the triplet scalar through the λ η∆Φ coupling. Since the coupling also enters the radiative neutrino mass as shown in Fig. 1 , it should be naturally small. The mass splitting among the components ∆ ++,+,0 is controlled by the λ Φ∆2
coupling. As we will not discuss in this work cascade decays between those components, we simply assume it vanishes. Thus,
Finally the neutrino mass in Fig. 1 is calculated as [5] 
where The lepton-flavor-violating (LFV) processes generically take place in neutrino mass models. Currently the most stringent experimental bounds are set in the µ − e sector, with Br(µ → eγ) < 4.2 × 10 −13 [11] and Br(µ → eee) < 1.0 × 10 −12 [12] for the decays and Br(µAu → eAu) < 7.0 × 10 −13 [13] for µ − e conversion in nuclei. For the model under consideration, these processes appear at one-loop level. We have calculated the branching ratios, and found that those bounds can be readily avoided. For instance, at the benchmark point
Feynman graph for one-loop radiative neutrino mass.
of masses where we will be working, m ∆ ∼ 1 TeV, m η ∼ 200 GeV, m F ∼ 650 GeV, and assuming no special flavor structure for the Yukawa matrices y ∆ ∼ y η ∼ y, we found that y O(0.1) can satisfy all of the above LFV constraints.
III. DARK MATTER DIRECT DETECTION
The lightest Z 2 -odd neutral particle could in principle serve as a DM particle. But to avoid strong constraint from direct detection, it should better not couple to the Z boson. As a matter of fact such a DM candidate would otherwise be heavier than 2.5 TeV [5, 14, 15] , making detection of all Z 2 -odd particles essentially impossible at the LHC. We thus choose to work with the scalar singlet η as DM and expect to have viable parameter space for a DM mass at the electroweak scale.
The DM annihilation proceeds dominantly through the s-channel H/h exchange and contact interactions involving H/h. The contribution from the t−channel exchange of the fermion F , which results in the , νν final states, is negligible as it is suppressed by the small Yukawa coupling entering neutrino mass. The set of relevant couplings is thus (λ Φ , λ φ , λ Φφ , λ Φη , λ ηφ ). The fixed mass of m H = 125 GeV and the flat direction condition provide two constraints on λ Φ , λ φ and λ Φφ . The mixing of φ and Φ into H and h is determined by
The mixing angle θ enters the η pair interactions with the H and h fields through the λ Φη and λ ηφ terms. As we will see shortly, the interference effects between H and h are already rich enough with the θ angle and one of the two couplings λ Φη , λ ηφ . We therefore technically switch off one of them, say λ Φη = 0, to reduce the number of parameters. This leaves us with two free parameters, which we choose to be (λ Φφ , λ ηφ ), or equivalently (λ Φφ , m η ).
In our numerical analysis we use the package micrOMEGAs [16] to calculate the DM relic density and cross section for DM-nucleon scattering. We scan the two free parameters in the following ranges
and the other new particle masses are fixed as
The numerical results are shown in Figs. 2 and 3, in which all displayed points already pass the DM relic density requirement.
We show in Fig. 2 the DM direct detection constraints on the spin-independent cross section as a function of DM mass m η . The red points are already excluded by the PandaX-II experiment [17] , the black points are further excluded by the Xenon1T [18] result, and the green points are still allowed by current experimental data. The rapid change of the shape arises from the strong interference between the t-channel exchanges of H and h. The two contributions have a similar magnitude but of opposite sign. As m η increases from ∼ 50 GeV to ∼ 70 GeV, m h varies rapidly (as shown in the upper-right panel in Fig. 3 ) and moves across the mass m H of the H. This results in the dips seen in the small mass region of the DM. This phenomenon appears also in the large DM mass range around m η ∼ 400 GeV where again the mass m h crosses the region around m H = 125 GeV.
As we have mentioned earlier, the s-channel annihilation through the exchange of H/h is part of the dominant DM annihilation channels. One feature of the s-channel annihilation is the resonance enhancement when the annihilation cross section rapidly increases as the DM mass approaches half mediator's mass. In the resonance region the coupling between the DM and mediator must be heavily suppressed in order to fulfil the relic density requirement. This can be seen in the upper-left panel of Fig. 3 showing the coupling λ Φφ where a resonance appears at m η = m H /2 = 62.5 GeV, and in the upper-right panel where a resonance
Sampled spin-independent cross section for DM scattering off nucleon as a function of DM mass. The two curves are the upper bounds by the PandaX-II [17] and Xenon1T [18] experiments.
occurs at m η = m h /2. In the low mass region DM annihilates mainly into bb and W + W − final states through s−channel exchange, while in the high mass region it annihilates dominantly into the HH, hh, Hh particles.
The transition point appears around m η ∈ (160, 200) GeV, where we could see a dropping of λ Φφ as the contact annihilation channels are opened and start to contribute.
When DM is light enough, m η < m H /2, it can contribute to the invisible decay of the Higgs boson. The decay width is given by
The latest searches for invisible Higgs decays by the CMS based on the 5.1, 19.7 and 2.1 fb −1 data collected at 7, 8 and 13 TeV respectively, set a combined bound on the invisible branching ratio Br inv < 0.24 [19] in the production modes of ggF, VBF, ZH and W H. At the ATLAS the most stringent bound comes from the study on the 8 TeV 20.3 fb −1 data through the VBF production, Br inv < 0.28 [20] . We see from the lower-left panel in Fig. 3 that invisible decays are currently less restrictive than direct detection. Finally, the mixing between the Φ and φ fields suppresses all the couplings between the Higgs boson H and SM particles.
Using the data on direct searches of the Higgs boson, an upper bound | sin θ| < 0.37 has been achieved at 95% C.L. [21] . We can see from the lower-right panel in Fig. 3 that our survived sample points safely avoid this constraint.
IV. LHC PHENOMENOLOGY
As we discussed in section II, the scalar particles must be heavy enough to guarantee the expected spontaneous symmetry breakdown. On the other hand we have chosen the singlet scalar as DM to avoid strong constraints from direct detection. Thus a natural order of masses for the Z 2 odd particles suggests itself:
The Z 2 symmetry implies that a heavier Z 2 -odd particle decays into a lighter one plus SM particles. Since we have assumed a degenerate spectrum for the triplet scalars, the allowed decays are
where is a charged lepton. These decays generate events with multiple charged leptons at LHC, while the pure neutral decays ∆ 0 → N ν and N → νη will appear as missing energy. Now we focus on searching for the LHC signatures of the new particles and interactions. We follow the standard procedure for event simulation and analysis using a series of softwares. We utilize FeynRules [22] Let us first have a look at the production of heavy particles through electroweak interactions. The cross sections for dominant pair and associated production of the scalar triplet and fermion doublet are shown in Fig. 4 at 13 TeV LHC. The production of E + E − , ∆ ±± ∆ ∓ and ∆ ++ ∆ −− will lead respectively to signatures of di-lepton, tri-lepton and four-lepton with a large missing transverse energy / E T carried away by the DM particle η. We discard the di-lepton events produced via ∆ + ∆ − production because its cross section is too small compared with E + E − . At the same time we combine the tri-lepton and four-lepton signatures (termed multi-lepton below) to enhance the significance. To summarize, the following two signatures will be studied in detail:
where = e, µ in our definition of a lepton for LHC signatures.
The search for di-lepton and multi-lepton plus / E T signatures has recently been performed at 13 
Since the current 36.1/fb data at 13 TeV LHC has a small significance for the signals under consideration, we present our results for the future HL-LHC with an integrated luminosity of 3000/fb at 13 TeV.
A. Dilepton Signature
The dilepton signature from the pair production of E ± is as follows:
where = e, µ for collider simulations. Requiring clean backgrounds, we concentrate on the final states as ATLAS did for the dilepton signature. The dominant sources of background are di-bosons (W Z, ZZ, W W ), tri-bosons (V V V with V = W, Z), top pairs (tt), and top plus boson (mainly from ttV ) with leptonic decays of W, Z. We adopt the same selection criteria as ATLAS for a more reasonable analysis. We start with some basic cuts:
where p 1 ( 2 ) T denotes the transverse momentum of the more (less) energetic one in the two charged leptons, m is the dilepton invariant mass, and η is the pseudorapidity. In Fig. 5 , the distributions of the numbers of leptons N ( ) and bottom-quark jets N (b) at 13 TeV are shown. In order to make backgrounds cleaner, we apply the following cuts:
which require exactly a pair of oppositely charged leptons and no appearance of a b-jet to cut the backgrounds coming from tt and ttV production. Using Madanalysis5, we obtain other important distributions in Fig. 6 .
As the large DM and fermion masses make the signal deviate significantly from the backgrounds in the p In table II we show the cut-flow for the dilepton signature at the benchmark point and dominant backgrounds. The efficiency of the p 1 T and / E T cuts is clearly appreciated, while the tt and ttV backgrounds are significantly reduced by demanding N (b) = 0. After all the cuts we have about 1601.1 signal events, although the remaining tt and W W backgrounds are still considerable due to their large production rates. with an integrated luminosity of 3000 fb −1 .
Channels No cuts Basic cuts
N ( ) = 2 N (b) = 0 p 1 T > 250 GeV / E T > 200
B. Multi-lepton Signature
The multi-lepton signature originates from the production of ∆ ++ ∆ −− and ∆ ±± ∆ ∓ and their sequential decays:
We start again with the basic cuts in Eq. (15), then we select the tri-lepton and four-lepton events by imposing the following criteria:
We require that the tri-lepton events contain no like-sign tri-leptons and that in the four-lepton events there are exactly two positively and two negatively charged leptons. From possibly relevant distributions shown in Fig. 7 we propose the stricter cuts:
FIG . Table III shows the cut-flow for the multi-lepton signature at the benchmark point and the main backgrounds. Due to the relatively small cross sections for the tri-and four-lepton signal events, we provide only the results for the HL-LHC mode. As can be clearly seen, the cuts we employed here are efficient enough in preserving signals while suppressing backgrounds. The p 1 T cut is still the golden cut for the multi-lepton case in reducing a large portion of backgrounds. After the / E T cut, only the W Z events in the backgrounds are significant and are further diminished by a strong cut on the invariant mass for the tri-lepton system M ( + + − ). The backgrounds in the multi-lepton case are much cleaner than in the di-lepton case, but at the cost of less signal events: after all the cuts we have only about 16 signal events.
Channels No cuts Basic cuts
We summarize in Table IV our signal and background events together with significance after all the cuts for both di-and multi-lepton cases. It is clear that the multi-lepton signal is much cleaner than the di-lepton one in both aspects of signals and backgrounds but its significance is much less than the latter. This leaves the di-lepton signal as a better search channel for the future HL-LHC.
V. CONCLUSION
We have studied the dark matter and LHC phenomenology in a scale invariant scotogenic model, which addresses three issues beyond the standard model in one framework, i.e., neutrino mass, dark matter and generation of the electroweak scale. We incorporated the constraints coming from dark matter relic density and direct detection and bounds from direct searches and invisible decays of the Higgs boson, and searched for viable parameter space for the most relevant parameters in the scalar potential λ Φφ , m η . To test the model further at high energy colliders, we proposed to employ the di-lepton and multi-lepton signatures and made a detailed simulation at 13 TeV LHC with an integrated luminosity of 3000 fb −1 . We found that the di-lepton channel, due mainly to its large cross section, is most promising to probe in the future high-luminosity LHC run. [1] S. R. Coleman and E. J. Weinberg, Phys. Rev. D 7, 1888 D 7, (1973 D 7, ). doi:10.1103 D 7, /PhysRevD.7.1888 
